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Abstract

A methodology for using optimization in designing me-
tallic cooling jackets for scramjet engines is presented. The
optimal design minimizes the required coolant flow rate sub-
ject to temperature, mechanical-stress, and thermal-fatigue-
life constraints on the cooling-jacket panels, and Mach-num-
ber and pressure constraints on the coolant exiting the panel.
The analytical basis for the methodology is presented, and
results for the optimal design of panels are shown to demon-
strate its utility.

Nomenclature

a =sonic velocity
A =surface area
Geq =equivalent annular plate outer radius
Ay =flow area
beq =equivalent annular plate inner radius
C1,Co =coeflicients in eqns. (13) and (14)
ij =material constants for fatigue calculations
=pin base diameter
=hydraulic diameter for channel fins
=coolant passage volume divided by wetted area
=Young’s modulus
=frictional energy loss
=Fanning friction factor
=objective function
=vector of constraint functions or their limits
=channel height, pin height, specific enthalpy
=flow length for pressure drop calculation
=coolant mass flow rate
=coolant Mach number
=number of pin rows in flow direction
=number of cycles at conditions ij
before fatigue failure
=number of mission cycles before fatigue failure
=Nusselt number
=coolant pressure
=Prandt] number
=incident heat flux
=pin fillet radius
=Reynolds number
=channel width, pin spacing
=outer wall thickness
=temperature
=channel wall thickness
=distance from entrance of cooling panel
=vector of design variables or their limits
=coeflicient of thermal expansion
=strain range

[\

"R KE g N gy

Yij =material constants for fatigue calculations
p =coolant density
44 =gtress

subscripts

] =coolant conditions at entrance
or exit of a segment
in,out =coolant conditions at entrance

and exit of the panel

lim,l,u =limiting value, lower and upper limits
pc, pp =load conditions for fatigue calculations
pl =plastic

ref =reference conditions

inner, outer=inner and outer facesheets of cooling jacket

_Introduction_

The resurgence of interest in hypersonic flight has spurred
a corresponding interest in high-temperature structures. The
extreme heating environments of vehicles such as the Aero-
space Plane and the “Orient Express” require an extension
of the progress made in the structures research of the last
two decades. One of the most demanding challenges in high-
temperature, hypersonic structures is the design of the hydro-
gen-fueled, scramjet engine for the vehicle. A scramjet engine
is an airbreathing propulsion system which combusts a fuel
such as hydrogen in a supersonic airstream. Because of the
high density and total enthalpy of the air flow, the heating of
the structure wetted by the airstream can be extreme. Peak
heating rates in the combustor of a scramjet can easily exceed
2000 Btu/ft2-sec , a level which requires an active cooling sys-
tem to maintain the walls at a survivable temperature. The
cooling system which has shown the most promise for en-
gine cooling applications is a system of hydrogen-fuel-cooled,
metallic, surface heat exchangers (cooling jackets) attached
directly to the engine primary structure (see reference 1, a
summary of the research into convectively cooled structures
during the 1960’s and 1970s).

In the design of most aerospace structures, the design
goal is typically a minimum weight design. However in this
study, the design goal is to minimize the required flow rate
of coolant. The reasons for this choice of design goal follow.
Energy balance methods have been used to predict the hy-
drogen fuel flow rate required to cool the scramjet engine of
a hypersonic vehicle; however even using these simple meth-
ods, the coolant requirement exceeds the fuel flow rate for
optimum engine performance at Mach numbers greater than
about ten (ref. 2). This increase in fuel flow rate to provide
engine cooling has a significant effect on the amount of fuel



a vehicle requires to complete its mission. Viewed a different
way, it may cause the required size of a vehicle designed to
perform a mission to undergo a large increase. The results
found in these past studies are optimistic since the internal
performance of the surface heat exchangers (that is, the over-
all cooling system effectiveness) has not been considered in
determining the cooling requirements for the scramjet engine.
Heat exchanger performance along with additional thermal
and structural requirements on the cooling-jacket structure
may increase cooling needs far above those calculated using
a simple energy balance. Since the cooling system is only a
minor contributor to the engine weight, but the major fac-
tor in determining the required coolant flow rate, this paper
presents a method for designing engine cooling jackets and
determining coolant conditions which minimizes the required
flow rate of coolant.

The cooling-jacket design method of the present study
uses numerical optimization as a design tool. Numerical op-
timization is a practical approach to the design of cooling-
jacket systems since many design requirements can be con-
sidered simultaneously. The optimization goal is to design
cooling jackets which minimize the required coolant flow rate
for specified heating rates. The design must also satisfy de-
sign requirements such as material limits on cooling-jacket
temperature, stress, and fatigue life as well as limits on cool-
ant Mach number and pressure drop through the coolant pas-
sages.

Geometries for two cooling-jacket concepts, namely chan-
nel-fin and pin-fin concepts, are studied in this application of
the design methodology. The approximate analytical meth-
ods used to predict performance of these cooling-jacket sys-
tems with these geometries and the use of formal optimization
to couple the analyses to produce optimum designs are ex-
plained. Results of the optimization of a single heated panel
are presented for various combinations of materials, heating
rates, and inlet pressure limits. The single panel cases demon-
strate the applicability of the methodology for cooling-jacket
design and for sensitivity analysis with respect to certain de-
sign parameters. These cases also illustrate the existence of
strong coupling between the different design constraints. Ad-
ditionally, some results of a three-panel system of cooling
jackets are given to illustrate flow routing effects.

cramjet and Cooling-Jacket Geometry Description

A schematic showing the location of a scramjet engine on
the lower surface of a hypersonic vehicle is given in the upper
portion of figure 1. From this schematic, the smooth integra-
tion of the engine with the vehicle lower surface in front of the
engine (the forebody). and behind the engine (the afterbody)
is apparent. This integration of vehicle with engine improves
vehicle performance.

A conceptual, two-dimensional scramjet engine cross sec-
tion is shown in the middle of figure 1. The engine consist of
a series of ramps (which may be movable) that merge with
the vehicle lower surface, and a cowl which helps capture the
air compressed by the vehicle fuselage and the engine ramps.
For a fixed flight condition, there are no moving parts in the
scramjet engine except for the fuel pumps. Not shown in the
figure are the sidewalls which connect the cowl to the ramps
to form a two-dimensional flow passage. The major compo-
nents of the engine are the inlet, combustor, and nozzle.

A typical engine ramp heat flux distribution is shown in
the lower portion of figure 1. The combustor section experi-
ences the highest heat flux. The nozzle and the inlet experi-
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ence lower heat fluxes with the inlet having the lowest. Typ-
ical ramp heat fluxes assumed for demonstrating the design
methodology are 1000 to 2000 Btu/ftz-sec for the combus-
tor, 300 Btu/ft2-sec for the nozzle, and 150 Btu/ft2-sec for
the inlet. All three components require active cooling. The
engine cowl and sidewalls along with portions of the vehicle
forebody and afterbody also require active cooling, however,
these areas are not considered in the present study since they
can be designed using the same procedure as the ramp panels.
The geometries of channel-fin and pin-fin cooling jackets
are illustrated in figure 2. For channel-fin cooling jackets, the
geometry can be completely described by the channel width
(s), the channel height (h), the channel wall thickness (w),
and the outer wall (outer facesheet) thickness (¢). Assuming
the pins are located at the vertices of equilateral triangles, the
geometry of pin-fin cooling jackets is characterized by the pin
spacing (s), the pin base diameter (d), the pin height (h), the
pin fillet radius (r), and the outer wall thickness (t).
Analytical Basis for Design Methodo
This section presents a brief description of the analytical
models used to evaluate the performance of the cooled pan-
els. The design requirements which must be satisfied in the
design methodology are limits on material temperature, cool-
ant pressure drop and Mach number, cooling-jacket stress and
low-cycle-fatigue life. Since numerical optimization requires
the repeated evaluation of these quantities, simple and com-
putationally efficient models are used. A given cooled panel is
divided into segments along the flow length (fig. 3), and the
coolant flow conditions, as well as each of the design require-
ments, are evaluated at the exit of each segment. A brief
description of the various analytical models which describe
the actively cooled panel performance follows.

olant Flow Analysis

Figure 3 illustrates the division of the cooling-jacket panel
into segments of length L for purposes of the analysis. Cool-
ant flow and heat flux are assumed to be uniform across the
width of the panel, and thus the coolant and structural tem-
peratures do not vary across the panel width. Below the
panel in figure 3 is a representative segment with entrance
temperature T; and pressure p;. It is subjected to heat flux
g; , and the coolant enthalpy rise through the segment is

giA
hiti LA (1)
where A is the segment heated surface area, h; and hiy)
are enthalpies at the segment entrance and exit, and m is
the coolant mass flow rate. The coolant temperature at the
exit of the segment (T;4)) is determined using hydrogen gas
property routines (ref. 3) which determine gas temperature
for given enthalpies and pressure. The relationship used is

(2)

The approximate relationship in (2) is valid because the tem-
perature-enthalpy relationship is only a weak function of pres-
sure, and the pressure drops across segments are small.

The coolant pressure drop across a segment is given by
the expression

2
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(3)



where Ejy represents the frictional energy loss, p; and p;y)
are the coolant densities at the segment inlet and exit, and
Ay is the flow area. The frictional energy loss is expressed in
slightly different forms for the channel-fin and pin-fin cooling
jackets. For flow in channels, E is expressed as

2
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where L is the segment flow length, and Dy, is the hydraulic
diameter. The Fanning friction factor (f) is a function of the.
coolant flow Reynolds number (Re) and is given by (ref. 4)

f =0.046Re™02 (5)

The frictional pressure drop for pin-fin sections has been in-
vestigated in references 5 and 6. With frictional energy loss

expressed as ,
7 AfN
Bp= (22} ——— 6
d (Af> (pi + Pit1) ©

the friction factor data shows little Reynolds number depen-
dence, and a single value of f = 0.09 is used in all the pin
fin calculations. In (6), N is the number of pin rows in flow
length L. The flow area (Ay) used in (3) and (6) for pin fins
is the minimum flow area.

Coolant flow rate is an input quantity in the analysis,
and the pressure drop which actually controls the flow rate
is determined by a side calculation. When the cooling-jacket
optimization is complete, the flow rate and pressure drop are
properly balanced, however, during the optimization process,
the pressure drop calculation (eqn. 3) often leads to situ-
ations where the pressure drop through a segment may be
higher than the inlet pressure. To avoid the difficulties asso-
ciated with unrealistic negative pressures, a pressure mapping
scheme was devised to handle the occurance of negative pres-
sures during the cooling-jacket optimization. A description
of the pressure mapping scheme is given in Appendix A.

To avoid compressibility effects, a limit is needed for the
Mach number of the coolant flow. The Mach number is cal-
culated by .

_m

- paAg

(7

where all the coolant conditions are evaluated at the panel
exit. The area Ay in (7) is taken as the minimum coolant
flow area for the pin-fin jackets.

Determination of Cooling-Jacket Temperatures

Once the coolant conditions at the exit of a segment are
determined, the temperature distribution through the cooling
jacket at the segment exit (the hottest location in a segment)
is evaluated. The first step is to compute the film coefficient
for convective heat transfer using published correlations. The
correlation developed in reference 7 are used for the channel-
fin cooling jacket. In this reference, film coefficients for tur-
bulent flows of hydrogen in tubes are correlated over a wide
range of temperatures and heat fluxes. The correlation is

Nu = 023Re8 Pr4(T,/T)~(57-1.59D4/3) (8)

where T is the bulk coolant temperature and T is the tube
surface temperature. The Nusselt number (Nu, a dimension-
less measure of the convective heat transfer), Reynolds num-
ber (Re), and Prandtl number (Pr) are all evaluated at the

bulk coolant conditions. Also in (8), D is the hydraulic di-
ameter, and z represents the distance from the cooling-jacket
entrance.

Heat transfer for short (1/2 < h/d < 4), cylindrical pin
fins has been investigated by several authors (refs. 5, 6, 8
through 11) for turbine blade cooling applications. The data
are well represented by the following correlation (ref. 8)

Nupy = .153Re 5 (9)

The characteristic dimension D’ in the Reynolds and Nusselt
numbers is defined as the coolant passage volume divided by
its wetted surface area .

The cooling-jacket temperature distribution is calculated
using simple one-dimensional conduction and convection fi-
nite element models. Conduction and convection areas are
calculated based on the geometries of the cooling jackets
shown in figure 2. Schematic representations of the one-
dimensional channel-fin and pin-fin models are illustrated in
the lower portion of figure 3. Symmetries are used to reduce
the model size. The lower surface is assumed to be an adia-
batic boundary since the amount of heat transferred through
the inner wall is small compared to the heat going into the
coolant. The surfaces where convective heat transfer occurs
are also shown in figure 3. Material thermal conductivities are
included as functions of the average cooling-jacket tempera-
ture in the one-dimensional models. Detailed two- and three-
dimensional finite element models verified the accuracy of
temperatures computed from the simple models to be within
ten percent over a wide range of geometries, convective film
coeflicients, and thermal conductivities.

Mechanical Stresses

To insure that structurally feasible cooling-passage ge-
ometries are maintained in the design process, mechanical
stresses due to the containment of the high pressure cool-
ant are computed at critical locations. These computations,
based on simple conceptual models of the structure and hand-
book formulae (ref. 12), are described below. For the channel-
fin geometry, stresses are evaluated at two locations, the chan-
nel wall and the outer wall (fig. 2). Tensile stress in the
channel] wall is expressed as

Oy =

3
— 10
2 (10)
where p is the coolant pressure, and the dimensions s and w
are shown in figure 2. The bending stress in the outer wall is
also evaluated. The wall is modeled as a beam of length s+ w
fixed at the channel walls. The coolant pressure supplies a
uniform load. The bending stress in the outer wall is
2
p(s+w

oy = 5'(—% (11)
Stresses in the pin-fin jacket are evaluated at three points
(fig- 2). The tensile stress in the cylindrical pin is

82 cos 30° — (x/4)d?
4 p=D
(r/4)d?
The bending stress in the outer wall of the pin-fin jacket is
evaluated at two locations (fig. 2) and is based on the hand-
book formula for stress in a circular plate fixed at the inner
and outer radii (ref. 12). The stresses for this case are

6
Oouter = Clagqt—gp (13)

6p
- 14
2, (14)

(12)

2
Tinner = C2aeq



The values of Cy and C9 are functions of the ratio of the outer
to inner radii (beq/aeq) as given in reference 12. Modifications
to (13) and (14) to account for the fillet radius (r) are made
by defining equivalent plate radii and thickness (denoted by
the subscript eq) as

2
beq = d/2+ 4(t + .357) (15)
Geq = 8/2 (16)
b 3/2
teq=1t+ (r - \/1'2 —(r+d/2- beq)z) (1.45—33) amn

Equations (15) through (17) were determined by correlation
with finite element analyses.

Thermal Stress and Low-Cycle-Fatigue Life

The extreme heat flux environment of engine panels can
produce large thermal gradients and thermal stresses in the
cooling jackets. The combination of large thermal strains and
high operating temperature may result in plastic deformation
and creep in the outer wall of a cooling jacket. The dominant
thermal stresses (and strains) result from the large tempera-
ture differences between the cooling-jacket outer wall and the
inner wall attached to the engine structure. These large ther-
mal strains can lead to low-cycle-fatigue (LCF) cracking and
failure. The following section briefly explains the formulation
of the LCF analysis and the application of the Strainrange
Partitioning (SRP) method (ref. 13) used in this design pro-
cedure.

The applications presented consider only a simple mission
cycle beginning at a reference temperature (i.e. room tem-
perature), changing to a single flight condition, and returning
to the reference temperature. Also, it is assumed that the in-
ner wall and the attached engine structure are much stiffer
than the outer wall. Thus, all the mechanical strain due to
temperature gradients occurs in the outer wall of the cooling
jacket. Using these assumptions, the total thermally induced,
mechanical strainrange for a cycle is
(18)

€otal = @outer (Touter — Tref) — @inner (Tianer = Tret)

where a is the coefficient of thermal expansion. The life rela-
tionships in the SRP method are based on the plastic strain-
range. This is estimated by assuming elastic-perfectly plastic
material behavior. The geometries of channel-fin and pin-
fin cooling jackets tend to produce strain concentrations in
the thinnest sections as indicated by test results in reference
14. To account for this, a strain concentration factor of 1.5
is used. Thus, the plastic strainrange over a cycle may be
expressed as
€pl = 1.5 (Ctotal - 2"’yield/E) (19)
The combination of high stress and high temperature re-
sults in creep of most materials. This creep, which is com-
pressive under compressive stress, contributes to the LCF of
the outer wall. The detailed time and temperature history of
the engine necessary for predicting creep is beyond the scope
of this study. However, since some materials are damaged by
creep more than others, some consideration of creep is nec-
essary. In this work, creep effects on LCF are included by
assuming a compressive creep strainrange of ten percent of
the plastic strainrange for each cycle. The two cyclic strain
conditions of relevance in the fatigue of the outer wall are ¢pp
(tensile plastic strain reversed by compressive plastic strain)
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and epc (tensile plastic strain reversed by compressive creep).
The epp strainrange is simply the plastic strainrange, and the
€pc strainrange is the compressive creep strainrange given by
the previous creep assumption. Thus,

€pp = €pl (20)
€pc = 0.1€p) (21)
€inelastic = €pp + €pc (22)

where €;p01aatic 18 the total inelastic strainrange for a cycle.
The failure relationships for the different strainrange types
are determined experimentally; but ductilitity relationships
(ref. 15) may be used for materials that are not well char-
acterized. Once the plastic and creep strainranges are calcu-
lated, the SRP method is used to predict the low-cycle-fatigue
life. The cyclic life relationships for the various strainranges
are expressed in the form

o (eee Y
N, LY A C'J €inelastic

(23)

where 1] is either pp or pc, N;j is the cycles to failure for the
given strainrange, and C;; and v;; are material constants.
The cyclic life (Ny) for the cooling-jacket outer wall is pre-
dicted by the interactive damage rule (ref. 14)

1 _1_[fﬂ+

— Spe
Nf Npp NPC] (24)

€inelastic

Optimization and the Design Methodology
In this study, numerical optimization is used to design
cooling jackets which minimize coolant flow rate. A brief
description of the mathematical formulation of a general op-
timization problem is given followed by a description specific
to cooling-jacket design.

of

A number of parameters describes the design of a system
being optimized. Some of these parameters are fixed during
the design optimization (fixed parameters) and others, the
design variables (denoted by the vector X), are varied within
limits (side constraints) to determine the best design. The
goal of the optimization is to minimize the value of an objec-
tive function (F(X)). There can also be a set of constraint
functions (G(X)) which satisfy a set of relations for the de-
sign to be satisfactory (feasible). When G(X) is equal to one
of the limiting values, it is denoted as active. Mathematically,
the optimization problem is posed as

eneral For timization Problems

min F(X) (25)
X <X <Xy (26)
G| <G(X) < Gy (27)

where (25) is read as “find the minimum of F(X) over the
range of X", (26) is an inequality that gives side constraints
on X, and (27) is an inequality that defines the behavior
constraints on the problem.

There are a number of numerical optimization routines
available to solve problems described by (25) through (27).
The software utilized in this study is the Sizing and Opti-
mization Language (SOL, ref. 16) which incorporates the
ADS optimization routine (ref. 17). SOL is a high level com-
puter language which simplifies the application of optimiza-
tion for many problems. A simple example of using SOL’s
optimization capability is given in Appendix B.



ooling-Jacket timization

Table 1 summarizes the parameters used in the cooling-
jacket optimization procedure. For all cases considered in
this study, the required coolant flow rate (mn) is the objec-
tive function. The objective function is somewhat unusual
because it is one of the design variables. This choice of ob-
jective function is allowed since it is just a simple form of
F(X) in (25). The design variables, shown in table 1, are
the coolant flow rate as mentioned above, the cooling-jacket
inlet pressure (pi,), and a number of geometry parameters
that are defined in figure 2. The constraints, also shown in
table 1, are similiar for both channel-fin and pin-fin cool-
ing jackets, however, the computational details differ. The
position of maximum cooling-jacket temperature (Toyter) is
shown in figure 3 for both cooling-jacket geometries. Actu-
ally, the locations in figure 3 for maximum temperature in the
outer wall are strictly correct only for low thermal conductiv-
ity cooling-jacket materials. For high conductivity materials,
two-dimensional thermal models show the peak temperature
location to be on the outer wall surface away from the chan-
nel wall or pin. However, surface temperature variations are
small so the surface location for determining peak temper-
ature when using high conductivity materials is not critical.
As defined in (24), Ny applies to fatigue life of the outer wall.
The stress constraints in table 1 are derived from oy, and o3
(given by (10) and (11)) for channel-fin geometries and oy,
Oouter, and Oinper (given by (12), (13), and (14)) for pin-fin
geometries. The Mach-number and pressure constraint func-
tions in table 1 are evaluated at the panel exit for both pin-fin
and channel-fin cooling jackets. The limiting values given in
table 1 for pyjims Tiims Plims Miims Nflim» 20d 01im(Touter)
are described in the next section.

The ADS optimization option used in this study is the
modified feasible direction method described in reference 18.
Finite difference derivatives of the constraint functions are
used in all cases. All the analyses described in the analytical
basis section are repeated for constraint evaluation whenever
any design variable changed. No attempt is made to improve
numerical efficiency by using knowledge of the dependency of
the constraint functions on the design variables.

Optimization Results and Parameter Studies

The cooling-jacket optimization methodology is applied
first to a single cooled panel (fig. 3) and then to a sim-
ple three-panel simulated engine. The purpose of the single
panel studies is to demonstrate and apply the methodology
to a simple case in order to understand the interaction of the
design variables and behavior constraints and their effect on
the objective function over a range of conditions. The single
panel studies compare optimum designs utilizing two types of
cooling-jacket construction (channel and pin fin), three dif-
ferent materials, and different levels of heat flux and coolant
inlet pressure limit (py};;,). The purpose of the three-panel
study is to demonstrate use of the methodology to investi-
gate flow routing effects. Only a single cooling-jacket mate-
rial and geometry (nickel channel fin) with fixed heat fluxes
(150 Btu/ft2-sec for the 36-inch-long inlet, 2000 Btu/ft2-sec
for the 24-inch-long combustor, and 300 Btu/ft?-sec for the
36-inch-long nozzle) are considered for the three-panel study.

All the panels are 36 inches wide with lengths (in the flow
direction) of 24 and 36 inches. The heat flux (g) is assumed
uniform over a single panel, however, the design method can
utilize heat fluxes variable along the length of a panel. In the
parameter studies, cooling-jacket panels are optimized with
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q varying from 200 to 2000 Btu/ft?-sec. The hydrogen inlet
temperature (T,) is assumed to be 100°R in all cases. The
inlet pressure (p;,) is a design variable with an upper limit
(Pulim) that varies between 1200 and 5000 psi in the parame-
ter studies. The panel outlet pressure limit (p};, ), the coolant
Mach limit (M);y,), and the fatigue limit (V¢ ;) have nom-
inal values of 600 psi, 0.25, and 600 cycles, respectively. The
stress limits (o}jm(Touter)) are the lesser of the temperature
dependent yield and 100 hour creep rupture strengths.

Three candidate materials are used in the studies. The
three materials (Nickel 201, zirconium copper, and titanium
aluminide) offer a range of the important material properties
such as thermal conductivity, high temperature capability,
and strength. Typical properties of the candidate alloys are
shown in table 2, and a brief discussion of each follows.

Nickel 201 (references 13 and 19) offers moderate ther-
mal conductivity and higher temperature capability (1540° F)
than the other alloys studied. These properties along with
high ductility for fatigue resistance make nickel an attractive
choice for a cooling jacket.

Zirconium Copper (CDA 150, references 20 and 21) is a
high temperature copper alloy which has excellent thermal
conductivity. It has the lowest temperature limit of the can-
didate alloys (1000° F). Copper alloys are used in high heat
flux regions of the Space Shuttle main engine, and their ap-
plicability to scramjet engines is of interest.

Titanium Aluminides (reference 22) are a new family of
materials which offer the high specific strength of titanium
with higher temperature capabilities. Their low density, al-
though not considered in this analysis, makes them attractive
for flight vehicles. Some deficiencies in these materials are
their low thermal conductivity, low ductility, and question-
able hydrogen compatibility.

ingle-Panel Studies

In this section, results for optimization of single cooling-
jacket panels are given, followed by results for the three-panel
simulated engine flow routing study. All results are optimum
designs for the given fixed parameters.

In figure 4, the minimum required coolant flow rate for
a single nickel channel-fin panel is shown as a function of
incident heat flux. The results are for a 36-inch by 36-inch
panel with a 5000 psi inlet pressure limit. Also shown on the
figure is a linear extrapolation of the required flow rate for
the lowest heat flux (200 Btu/ft2-sec). The linear extrapo-
lation is the required coolant flow rate that a simple energy
balance (i.e. temperature rise proportional to the heat rate
and inversely proportional to the flow rate, with the flow rate
determined by a maximum coolant temperature) might pre-
dict and indicates that a simple energy balance underpredicts
coolant requirements at higher heat fluxes. In the optimum
design results of figure 4, the constraints which affect the flow
rate change with the heat flux level. The constraints active at
the 200 Btu/ft2-sec heat flux are the cooling-jacket tempera-
ture and stress limits. At 1000 Btu/ft2-sec, the active design
constraints change to include the coolant Mach constraint.
The set of active design constraints at 2000 Btu/ft?-sec no
longer includes the peak metal temperature constraint be-
cause the fatigue-life constraint is now active. The fatigue
life constaint depends on the temperature difference through
the cooling jacket as well as the peak metal temperature.
Although smooth curves are faired through the calculated
points of this and the following figures, the actual curves un-
doubtedly contain slope discontinuities whenever the set of




active design constraints change.

Figure 5 shows the optimum required coolant flow rate
for a nickel channel-fin panel as a function of the inlet pres-
sure limit at three heat flux levels. Also included on the
figure are the flow passage geometries for the optimum de-
signs. As seen in the figure, the channel width design vari-
able (s) is at its lower limit (0.015in.) for the optimum de-
sign in all cases. Table 3 summarizes the active design con-
straints for the cases shown in figure 5. At the two lower
heat flux levels, there is little change in the optimum cool-
ant requirement with pressure limit variation. Comparisons
of figure 5 with table 3 indicate that the only time there is
a large change in coolant requirement with pressure varia-
tions is when the fatigue-life and Mach-number constraints
are both active. Thus, it can be inferred that the large in-
crease in coolant flow requirement with reduced pressure re-
sults from an interaction of these two constraints. The cause
of the interaction merits some explanation. With the cooling-
jacket geometry and coolant flow rate assumed fixed, as inlet
pressure limit decreases the pressure along the length of the
jacket also decreases. As pressure decreases, the temperature
of the hydrogen along the length of the passage is not ap-
preciably affected because of the small pressure dependence
of the temperature-enthalpy relation (eqn. 2). Decreasing
coolant pressure at constant temperature implies a density
decrease, so velocity of the coolant must increase to maintain
the fixed mass flow rate. The increased velocity corresponds
to an increase in coolant Mach number for the above assump-
tions, however, an increase in Mach number is not allowed
since the Mach constraint is active. Therefore, the geometry
is changed. Channel height increases to enforce the Mach con-
straint. The increase in channel height reduces the convective
film coefficient (as can be derived using eq. 8) which increases
the temperature difference through the cooling jacket. An in-
creased temperature difference results in the violation of the
active fatigue constraint, so the coolant flow rate must be
increased to provide higher film coefficients and reduce the
temperature difference through the cooling jacket. Of course,
these geometry and flow rate changes affect the pressure and
temperature of the coolant, and the process just described
repeats until further changes are not needed. The large in-
crease in coolant flow rate caused by the strong coupling of
the coolant Mach and cooling-jacket fatigue constraints was
not foreseen before the study began but was revealed by the
cooling-jacket design methodology.

Sensitivity of the optimum coolant flow rate to the active
constraint limits at ¢ = 2000 Btu/ft2-sec with p;, = 3000 psi
is shown in figure 6 with the nominal flow rate given in figure
5. The active constraints are bending stress due to internal
pressure along with the fatigue and Mach constraints. It is
apparent that the fatigue life requirement is the most influ-
ential constraint. Also, since the Mach-number constraint is
somewhat arbitrary (provided it has a low subsonic value),
the figure shows the level of the gains possible by relaxing
this constraint.

Figure 7 illustrates the optimum coolant flow for channel-
fin and pin-fin jackets using nickel as the jacket material and
3000 psi as the inlet pressure limit. At the lower heat-flux
levels, there is little difference in the value of the optimum
coolant flow rate for channel and pin fins. At high heat fluxes,
the channel fins have lower coolant flow requirements than
the pin fins. This behavior results because pin-fin jackets
have smaller minimum flow areas than channel-fin jackets in
comparable designs due to the three-dimensional geometry of

the pin fin. The small flow area magnifies the effect the Mach-
number constraint has on coolant requirements, especially
when the Mach and the fatigue-life constraints interact. Also,
for the pin-fin cooling jacket results in this figure, the designs
are not constrained by strength requirements and the fatigue-
life constraint becomes active at lower heating loads than for
comparable channel-fin jackets.

An additional objective of this study is to compare the
performance of candidate cooling-jacket materials. In addi-
tion to the nickel material already mentioned, cooling jackets
constructed of a copper allcy and titanium aluminide are also
investigated. Figure 8 compares the performance of channel-
fin cooling jackets for the three materials over a range of
heat-flux conditions. The nickel cooling jacket exhibits the
best performance (lowest optimum coolant flow requirement)
over the entire heat-flux range due to its high allowable tem-
perature (see table 2). As in previous cases, the fatigue limit
is an active design constraint for nickel jackets at high heat
fluxes. However, fatigue is never an active design constraint
for the copper or titanium cases in this study. Neither the
copper alloy nor the titanium aluminide strain inelastically
after the first cycle due to the high thermal conductivity for
copper and the high yield strength for the titanium. Also,
the copper and the titanium aluminide alloy cooling jackets
are always at their temperature limit while the nickel pan-
els are below their temperature limit at higher heat fluxes
because of the fatigue-life constraint. The pin-fin jacket ge-
ometry yields similiar behaviors for these materials (figure 9)
except that nickel is no longer the best material at high heat
fluxes. The extreme sensitivity of the pin-fin geometry to the
fatigue-life and coolant Mach-number constraint interaction
cause the nickel pin-fin cooling jacket to require larger cool-
ant flow rates at high heat fluxes than either the copper or
the titanium jackets which have no fatigue problem.

ow-Routing Study for Three-Panel Model

The design of the cooling system for an entire scramjet en-
gine requires the simultaneous design of a system of cooling-
jacket panels and the consideration of many flight conditions.
Many schemes for routing the flow through the panels are
possible, and the design methodology described in this pa-
per is applicable for any given routing scheme. Three panels
with nickel channel-fin cooling jackets simulating a scramjet
cooling system are analyzed for a single flight condition to
evaluate the merits of three flow routing schemes. The opti-
mum total flow rates for each scheme are compared in figure
10. The scheme with independent coolant flow for each panel
requires the least total flow of coolant. However, indepen-
dently cooled panels may give large temperature gradients in
the coolant flow direction. These temperature gradients may
induce unacceptable thermal stresses in the engine structure.
Although the primary structure thermal stresses are not a
constraint in this study, two other flow routing schemes which
should reduce these thermal stresses are considered.

The inlet-to-nozzle and the nozzle-to-inlet flow routings
shown on figure 10 are a series connection of panels where the
outlet of one panel goes to the inlet of the next. The inlet-to-
nozzle flow routing requires only 4 percent more coolant but
the nozzle-to-inlet routing requires over 17 percent more cool-
ant than the individually cooled panels. By examining the
behavior constraints active for these designs, the reasons for
the differences are apparent. The active constraints are the
cooling-jacket fatigue and coolant Mach constraints for the
combustor (center) panel. In the nozzle-to-inlet flow routing



case, the coolant flow entering the combustor is at a higher
temperature and a lower pressure than for the inlet-to-nozzle
routing case. These conditions require a larger coolant flow
rate to satisfy the constraints in the combustor. Similar ef-
fects are seen in the single panel cases for reduced inlet pres-
sure at a high heat flux level.

bservations on the Optimization Design Methodo )

The scramjet cooling-jacket design methodology devel-
oped and applied in this study has proven to be very useful
for gaining insight of the important design requirements and
constraints driving the optimum design. Since the result of
every successful application of the methodology is a feasi-
ble design with minimized coolant flow rate, a study which
varies the fixed parameters determines the coupled sensitivity
of the optimum design to these parameters. Simple sensitivi-
ties determined from conventional parameter studies may not
correspond to feasible designs since some constraints may be
neglected. An implication of this observation is that the be-
havior and side constraint limits must be carefully chosen
since the optimum coolant flow rate may be appreciably in-
creased for unduly restrictive limits. An additional advantage
of the methodology is that unforseen coupling of the design
constraints and unanticipated effects of parameter changes
can be uncovered as was the case for the coupling of the
coolant Mach number and fatigue life constraints for nickel
cooling jackets.

No detailed measurements of the computational efficiency
of the method have been made. However, the computational
time has been reasonably short for single panel optimizations.
The computation time increases drastically for multiple panel
cases. As noted earlier, a brute force approach is used which
repeats the analysis of all the cooling-jacket panels for any
change in the design variables. A more selective use of the
analysis would be beneficial for multiple panel cases. Finally,
the use of the Sizing and Optimization Language to describe
the optimization problem simpifies the coding of the opti-
mization problem and aids in interpretation of the optimiza-
tion results.

Concluding Remarks

This paper describes a methodology for design of metal-
lic cooling jackets for scramjet engines. The engine cooling
jackets use the hydrogen fuel as a coolant and are designed
using the numerical optimization routine ADS included in
a new computer language, the Sizing and Optimization Lan-
guage (SOL). The optimization goal is to design cooling jack-
ets which minimize the required coolant. The designs also
satisfy constraints on cooling-jacket temperatures, mechan-
ical stresses, and fatigue life, and on coolant Mach number
and pressure drop with various limits on cooling-jacket geom-
etry. The method is applied to channel-fin and pin-fin cooling
jackets. The analytical methods for predicting cooling-jacket
performance and the incorporation of the analysis into con-
straint functions are also explained.

Results of optimization of cooling-jacket designs for sin-
gle cooled panels are presented. The results show the in-
adequacy of a simple energy balance for determining cool-
ant requirements. The capability of optimization to uncover
the coupling of seemingly disparate constraints is found to
give new insight in the design process. For example, the
coolant Mach and cooling-jacket fatigue constraints, which
at first seemed unrelated, are found to be coupled by the
design methodology. The capability to perform parametric

sensitivity analyses by simply executing the model with var-
ious constraint limits is also demonstrated. Comparisons are
made between pin-fin and channel-fin cooling jackets which
show the channel-fin jacket generally superior for the condi-
tions investigated. The comparison of copper and titanium
alloys to nickel for a cooling-jacket material favor nickel due
to its high temperature capability, moderate thermal conduc-
tivity, and high ductility.

The optimization of the cooling-jacket panels in the flow
routing study of three panels representing a scramjet engine
indicates that independently cooled panels require the least
coolant. If thermal stresses in the engine primary structure
require flow to be routed through a series of panels, an inlet-
to-nozzle routing results in lower optimum coolant flow rates
than a nozzle-to-inlet scheme. This result is explained in
terms of the active constaints and the single panel studies.

The design methodology has the capability to be applied
to more complicated design problems than those illustrated
in this study but care must be taken that the computer time
does not become unreasonable.
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endi — Pressu a

One of the problems that exists with the pressure drop
calculation (eqn. 3) is that negative pressures may occur in
the flow model during the optimization process. The nega-
tive pressures result from flow rate determining pressure drop
in our models while physically pressure drop determines flow
rate. Besides being unrealistic, the negative pressures cause
errors in the gas property routines. This problem is avoided
by smoothly mapping pressures which fall below a preset limit
value to a positive pressure during the optimization process.

Since this limit value is set below the minimum exit pressure
limit for the panel, the optimization procedure can continue
calculations with negative pressures without affecting the fi-
nal solution. The mapping for pressure drop has two forms
depending on the value of the pressure of the coolant entering
the segment. If pressure of coolant entering the segment (p;)
is above the limiting pressure (p;mi.), the mapped exiting
pressure is

(Plimit = Prmin)’
—_— e+ Pmi Al
Pi+l = 2PimitPmin (41)
where p;41 is the exit pressure of a segment computed from
(3) and ppyip is the lower limit of the mapped pressures. When
the pressure of the coolant entering the segment is below
Plimit, then the equation for the mapped pressure is
1
. = in- A2
Pi+1,map 1 N Pi — Pitl + Pmin (A2)
Pi — Pmin  (Plimit — Pmin)?

In this study, pjjm;; is set to 400 psi and pr;, is set to 300
psi.

Pi+l,map = ~

Appendix B — Overview of SOL

SOL is a special-purpose computer language geared to-
wards optimization (ref. 16). SOL simplifies the applica-
tion of numerical optimization methods with a syntax and
error-checking capability developed for optimization prob-
lems. SOL is currently available for VAX/VMS systems.

Using SOL as a tool for engineering design involves writ-
ing computer codes in SOL that apply numerical optimization
methods to a design problem. SOL offers many features found
in conventional languages (e.g. FORTRAN or Pascal) includ-
ing: variables; math operators such as addition; built-in math
functions like square root; DO loops; IF statements; subrou-
tines; and statements to allow the output of values. Further,
SOL incorporates the methods of numerical optimization im-
plemented in the ADS optimization routine (ref. 17) and
other unique features. An optimization problem can be de-
scribed in SOL in a manner similiar to the way the problem is
posed mathematically. In this sense, SOL can be called “nat-
ural” for solving optimization problems. The process of using
SOL is shown in figure Bl. A SOL program is written and
then passed as input to the SOL compiler that translates the
SOL program into an equivalent FORTRAN program. The
resulting FORTRAN program is eventually executed to solve
the design problem. SOL allows the description of an opti-
mization problem with a high-level language feature called
the “OPTIMIZE statement.” The description of an opti-
mization problem with SOL’s OPTIMIZE statement closely
parallels the mathematical description of the problem, as il-
lustrated in figure B2. The example problem is to minimize
an objective function of two bounded design variables with
a single constraint relation. Mathematically, the problem is
expressed as “minimize funct(z,y), where z and y are the
design variables.” The bounds on the design variables and
the constraint relations are given under the heading, “ Sub-
ject to.” The single constraint relation is stated by the line,
“ constraint(z,y) = 5.” Finally the equations that define
the objective and constraint functions in terms of the design
variables are given.

SOL expresses the optimization problem in much the
same way. The program begins with the word “PROGRAM”
followed by the name of the program. The optimization prob-
lem is posed by an OPTIMIZE statement. The objective



function is declared by a single variable given after the word
“OPTIMIZE.” Next, the design variables and constraint re-
lations appear between the words “USE” and “END USE.”
The lower and upper bounds on the design variables appear
enclosed by brackets. In addition, an initial value is required
for each design variable to give the optimization software a
starting point. The constraint function is represented by the
single variable, “constraint,” which appears in a constraint
relation. Any variable names can be used to represent the ob-
jective and constraint functions. Finally, between the words
“END USE” and “END OPTIMIZE,” equations are given
which describe the objective and constraints as functions of
the design variables. Although this example shows mathe-
matical equations for the objective and constraint functions,
the OPTIMIZE statement is not limited to using equations.
Any valid SOL statements, such as subroutine calls, IF state-
ments, even other OPTIMIZE statements, could be used to
define the objective and constraint functions. The OPTI-
MIZE statement ends with the words “END OPTIMIZE,”
and then the SOL program ends with the word “END” fol-
lowed by the program name.

In the present study, a SOL program describes the cool-
ing-jacket design problem. Existing FORTRAN routines do
most of the calculations for the optimization constraints. Al-
though these constraint calculation routines can be written
in SOL, it is more efficient to separate the analysis routines
from the description of the design problem. Also, since sev-
eral of the routines are available in FORTRAN, duplication
of the coding effort would be wasteful. SOL’s “FORTRAN
block” feature, which allows existing FORTRAN routines to
be called from within a SOL program with communication
via parameter passing, is used to incorporate the constraint
analysis routines.

SOL offers another important feature in the error-check-
ing capability of its compiler. The SOL compiler checks a
SOL program for a variety of errors, such as the use of an
uninitialized variable in an equation, or the alteration of an
optimization design variable by statements inside an OPTI-
MIZE statement. The compiler does not have “artificial in-
telligence”; it cannot tell if a problem is formulated correctly.
However, it does catch a variety of errors, which can be dif-
ficult to find otherwise. In addition, the SOL compiler can
produce a program listing that is useful when debugging SOL
programs.

. Zirconium Titanium

Nickel 201 copper aluminide
Temperature limit 1540 °F 1000°F 1400°F
Thermal conductivity 35 200 8
(Btu/tt - hroF)
Elastic modulus (psi) 30x106 16.5x 106 18x 106
Coefficient of thermal 85x10% 9.8x108 6.0x10°6
expansion (in.fin.°F)
Density (ivin 3) 321 323 .165
Limit stress at 8,000 7,000 30,000
Ena;;imum temperature
psi

Table 2 - Cooling jacket material properties

FIXED PARAMETERS (P,,.Q)

CONSTRAINTS |2 il i | |

I 200] 7000 ] 200 ] 1000] 2000] 2001000} T T5%0 1 2050 ]
JACKET TEMPERATURE x X 13 x x x x| x X
OUTLET PRESSURE X
MACH NUMBER x X X X x x x x
FATIGLUE LIFE x x x X
ANY STRESS X X x X x X x X x x x x

X+ INDICATES ACTIVE CONSTRAINT, P M P8 Q WOTWFTRSEC

Table 3 - Active constraints corresponding to nickel chan-
nel designs in figure 5

Channel Fin

‘—'ﬂm-——*mo‘-—m——

Ramp
heat
flux

Figure 1 — Schematic of scramjet engine with typical heat
fluxes

CHANNEL FIN PIN FIN
OBJECTIVE
FUNCTION Mass Flow Rate m [
Mass Flow Rate m (m > 0.0) m (m > 0.0)
DESIGN Inlet Pressure P (Pin < Pulim) Pia (Pia < Putim)
VARIABLES* Aspect Ratio h/s (0.5 < h/s < 4.0) hj/d (0.2 < h/d < 6.0)
Spacing s (8> .015in) 8 (8>d+2r +0.005in)
Outer Wall Thickness t (t> .005in) t (t> .005in)
Channel Wall Thickness w (w > .008in) -
Pin Diameter —_ d (d>0.0)
Fillet Radius** — r/h (005 <r/h<1)
Jacket Temperature Touter < Tiim Touter < Tiim
CONSTRAINTS Outlet Pressure Pout > Plim Pout > Plim
Mach Number M < My M < Mg
Fatigue Life Ny > Nyjim Ny > Nytie
Stress Ub/(aliu(Touur)) <10 ”ouur/(olim(Tnuhr)) <10
Stress 0w/ (O1lim(Touter)) < 1.0 Oisner/ (Flim (Touter)) < 1.0
Stress — 05/ (04im (Touser)) < 1.0

* Side constraints in parenthesis

** Normalized

Table 1 - Optimization parameters in cooling jacket design
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Figure 2 - Characteristic dimensions for cooling jackets
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Figure 3 — Cooling jacket flow and thermal models
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Figure 4- Effect of heat flux on optimum coolant flow
rates for nickel channel fin cooling jackets
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Figure 5 — Effect of inlet pressure limit on optimum cool-
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Figure 6 — Sensitivity of optimum coolant flow rate to
limiting values of strength, fatigue life, and Mach constraints
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Figure 8 — Variation of optimum coolant flow rate with
heat flux for nickel, copper, and titanium channel fin cooling
jackets
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Figure 9 - Variation of optimum coolant flow rate with
heat flux for nickel, copper, and titanium pin fin cooling jack-
ets
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Figure 10 ~ Comparison of optimum coolant requirements
for three coolant flow routing schemes

1

ORIGINAL PAGE IS
OF

8 Models
Subroutines
Optimization

FORTRAN Cods

Calis to ADS
Detailed Code

Figure Bl ~ Schematic of using Sizing and Optimization
Language to solve an optimization problem '

Mathematical descripti SOL program:
Minimize: funct(z,y) PROGRAM easy
OPTIMIZE funct
Subject to: USE
-20< 7 <50 x = -1.2 IN [-20, 50}
0<y<10 y= 110 [0, 10)
constraint(z,y) = 5 constraint .eq. 5
Where: END USE

funct = 10e(y - zes2)es2 + (1 - x)ee2
copstraint ® x * y

END OPTIMIZE

DD easy

/un:l(x,y‘) =10e(y-22) 4+ (1 ~ s)’
constrainl(z,y) =z sy

Figure B2 - Formulation of an optimization problem us-
ing SOL
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